The effect of endothelin-1 and its receptors EDNRA and EDNRB in migraine with aura (MA) susceptibility is not established yet. We studied the association between the MA end-diagnosis and three migraine trait components and 32 single nucleotide polymorphisms (SNPs) capturing the variation of endothelin genes in 850 Finnish migraine patients and 890 non-migrainous individuals. The SNPs showing evidence of association were further studied in 648 German migraine patients and 651 non-migrainous individuals. No significant association was detected. However, the homozygous minor genotype (5% in cases) of the EDNRA SNP rs2048894 showed nominal association with MA both in the Finnish sample (P = 0.015) and in the pooled sample [odds ratio (OR) 1.61, 95% confidence interval (CI) 1.12-2.32, P = 0.010] when adjusted for gender and sample origin. The trait age of onset < 20 years was also associated with rs2048894 (OR 1.69, 95% CI 1.13-2.54, P = 0.011) in the pooled sample. To confirm this finding studies on even larger samples are required. ᮀEndothelin-1, endothelin receptors A and B, migraine with aura, single nucleotide polymorphism
Introduction
There are two main hypotheses concerning the pathophysiology of migraine aura. The 'vascular theory of Wolff' postulates (1) that migraine starts in the walls of blood vessels where cerebral vasoconstriction causes the aura and prompts also vasodilation during migraine headache. On the other hand, the neuronal theory disagrees and emphasizes neuronal cortical mechanisms and downgrades the vascular changes to secondary symptoms. Mechanisms that connect vessels and neurons could be the key to migraine. Cortical spreading depression (CSD) of Leão is one such mechanism (2) . CSD is characterized by a slowly propagating depolarization wave along the cortex, which closely resembles the gradual spread of the typical visual migraine aura (3) . The origin of CSD is in the neuron and glia, but it provokes changes in vascular tone as it moves along the cortex (4, 5) .
Endothelin-1, coded by EDN1 on chromosome 6p24 (6) , is one of the most potent vasoconstrictors known, but also has neuronal effects. EDN1 can provoke CSD in rodents (7) , and in humans elevated levels of EDN1 have been measured during migraine attacks (8) (9) (10) (11) , although a contradictory study exists (12) . In mammals EDN1 acts via two distinct receptors, A and B, coded by EDNRA on chromosome 4q31 and EDNRB on chromosome 13q22, respectively, both widely expressed in the brain. EDN1 is able to trigger vasoconstriction and pain through its actions on EDNRA (13) . Furthermore, EDNRB mediates vasodilation, probably leading to migrainous headache (14) . Interestingly, a single nucleotide polymorphism (SNP) in the ENDRA gene has been associated with migraine (15) and migraine families have shown linkage to the 4q28-4q31 region adjacent to the EDNRA locus (16) . Thus, the EDN1 with its receptors has potential to be the link between neural, vascular and pain-related aspects of migraine. Based on these facts, we analysed EDN1 and its receptors EDNRA and EDNRB as candidate genes for migraine with aura (MA) in a large Finnish case-control sample using a dense set of SNP markers. The best associated SNPs were further analysed in a German replication sample. The SNP selection was based on the HapMap data to capture information on the whole genes (17) . Because our previous trait component analysis showed suggestive linkage to the migraine traits phonophobia and photo-and phonophobia (on 4q31), and age of onset < 20 years (on 4q28) (16) , associations of these traits were also analysed in our study.
Materials and methods

Subjects
The Finnish sample consisted of 850 Finnish migraine patients and 890 non-migrainous subjects. The Finnish migraine patients were recruited from four headache clinics across Finland. Most of the patients were drawn from the Finnish migraine family sample that has been primarily ascertained for MA. The German sample consisted of 648 German migraine patients and 651 individuals without migraine recruited from a single clinical centre. All participants gave informed consent, and approval to conduct the research was obtained from the Helsinki University Central Hospital Ethics Committee for the Finnish study (approval no. 622/ E0/02) and from the Bonn University Hospital Ethics Committee (approval no. 184/00) for the German sample.
End-diagnosis
The end-diagnosis was based on the International Headache Society (IHS) criteria in both the Finnish and German migraine patients (18) . All Finnish migraine patients completed the validated Finnish Migraine-Specific Questionnaire for Family Studies (19) . The selection of the study population is described in detail by Kaunisto et al. (20) . After careful re-evaluation of the phenotypes, 708 patients fulfilled the IHS criteria for typical aura with migraine headache (MA; diagnostic criteria 1.2.1) (18) . Diagnosis of the German MA patients was made by experienced physicians from a pain clinic in Kiel, Germany. All individuals were of Caucasian origin and completed a questionnaire enabling the identification of migraine-suspicious individuals. A detailed description of the German sample is published by Netzer et al. (21) .
Trait components
In addition to the end-diagnosis, we also analysed four other phenotypes: any visual aura, phonophobia, photo-and phonophobia and age of onset < 20 years. One hundred and forty-two patients had visual aura features that did not fulfil IHS criteria. Combined with the 708 MA patients fulfilling the IHS criteria of MA, these patients form the visual aura group in our analyses (n = 850). Of these 850 Finnish migraine patients, 601 had phonophobia and 462 had both photo-and phonophobia. The age of onset was < 20 years in 403 patients. However, for these traits information was not available on 19, 294 and 295 patients, respectively. END1 and its receptors in migraine with aura 1225 summarizes the different phenotypes and gender distribution in this study.
Genotyping
We selected 33 SNPs for genotyping based on the information provided by the HapMap project (dbSNP Build 125) (17) on the Caucasian population. The SNPs that captured most of the genetic information (tagging SNPs) in the studied gene regions were selected using the Haploview 3.2. program (22) . If the primer designing (AssayDesign 2.0.7.0 software; Sequenom ® , San Diego, CA, USA) for a tagging SNP failed, the nearest possible SNP in as high linkage disequilibrium (LD) as possible based on r 2 values was selected for genotyping. Some additional SNPs were selected from the UCSC database (http://genome.ucsc.edu/) (23) based on their position on the exonic or 5′-and 3′-flanking areas.
DNA was extracted from peripheral blood by the standard phenol-chloroform extraction procedure (24) or by using the Autopure LS automated DNA purification instrument (Gentra Systems, Minneapolis, MN, USA) or by salting out procedures. Genotyping was performed using the homogeneous MassExtend MassARRAY system or iPlex (Sequenom ® ) (25) . The Typer 2.0 software (Sequenom ® ) was used to verify the genotype calls and the in-house developed KariOTyper software was used to handle the genotype data from the Sequenom database (26) .
We evaluated the power of our study sample with the Case-Control Genetic Power Calculator for Discrete Traits (http://statgen.iop.kcl.ac.uk/gpc/ cc2.html) (27) . The power calculation was based on the guidelines provided by Zondervan and Cardon (28): we assumed that the disease-associated allele has a minor allele frequency of 0.20 and carrying this allele increases the risk of migraine to 1.5-fold. Furthermore, we assumed that the studied SNP is not necessarily the causative one but has an allele frequency of 20% and is in a Ն 80% LD (D') with the predisposing allele. Our sample reached the power of 91% to reject the null hypothesis (no association) at the P-value of 0.05.
Statistical analyses
Genotype distributions in the whole sample and for cases and the non-migrainous controls separately were tested for Hardy-Weinberg equilibrium (HWE) applying the c 2 method in the PLINK 1.0 program (29) . The Haploview 4.0 program was used to determine the pair-wise LD between the SNPs (r 2 value) within studied gene regions and to identify tagging SNPs and haploblock structures using the confidence interval algorithm implemented in the Haploview program (22, 30) . The PLINK 1.0 program was used to calculate allele and genotype frequency-based association statistics (29) . As the exclusion threshold, individuals or SNPs with missing > 10% of genotypes were excluded from the analyses. For allelic association the Cochran-Armitage (trend) test was used. The uncorrected allelic or genotypic P-value of Յ 0.05 was considered as an indication of possible association, and for those genotypes the recessive and dominant gene action tests of the PLINK program for the minor alleles were applied. In the recessive test the genotypes homozygous for the minor allele were tested against all other genotypes between cases and controls, and in the dominant test genotypes either homo-or heterozygous for the minor allele were tested against the homozygous major allele genotypes, respectively. The permutation procedure implemented in the PLINK program was used to elucidate the significance of a single test adjusted for a number of SNPs (the global EMP2 P-value) with 1000 replications (29, 31) . The haplotype association analysis for the haplotypes containing the best associated SNPs was performed using the PLINK program. Furthermore, logistic regression analyses of the pooled sample were performed using the SPSS (version 16; SPSS Inc., Chicago, IL, USA) and Stata (version 9.2; StataCorp LP, College Station, TX, USA) software to determine the effects of the sample origin and gender for SNPs genotyped in the German sample. All given P-values are uncorrected for multiple testing unless otherwise stated.
Results
Genotyping
Altogether, 33 SNPs were genotyped to be analysed for association between the EDN1, EDNRA and EDNRB genes and migraine among Finnish patients. The best observed associations were verified in the German sample of MA patients and non-migrainous individuals. Of the 33 SNPs, one EDN1 SNP (rs6413478) was monomorphic and thus excluded from analyses. Figure 1 presents the location of the studied SNPs for each gene and the confidence interval method-based LD block structures in the Finnish control subjects. The average success rate of genotyping was 99%. The END1 and its receptors in migraine with aura 1227 heterozygosity ratio varied between 0.04 and 0.49. Four SNPs showed deviation from HWE (P = 0.004-0.04) in cases, controls or both, but manual re-checking of these genotypes did not change the genotype calls. The success rates, minor allele frequencies and HWE values are presented in Supplementary Table S1 .
Association results based on the MA end-diagnosis
We found no statistically significant association between EDN1, EDNRA and EDNRB SNPs and the MA end-diagnosis. The corresponding allele and genotype frequencies are summarized in Supplementary Table S2 along with c 2 and P-values. Furthermore, allelic odds ratio (OR) values with a confidence interval (CI) of 95% are shown. However, two EDNRA SNPs showed nominally suggestive association. A genotype-based P-value of 0.028 was detected with the SNP rs5334, while the SNP rs2048894 in a high LD (r 2 approximately 1.0) with rs5334 showed a P-value of 0.046. However, when adjusting the tests for the 32 analysed SNPs no globally significant P-value (P < 0.05) was gained after permutation. These results did not change in the gender-specific analyses either. On the other hand, gender-specific analysis improved the allelic P-value of the EDNRB SNP rs2329047 to 0.035 (OR 1.20, 95% CI 1.01-1.42) when only females were treated as affected. Furthermore, the haplotype analysis for the haplotypes containing the SNPs showing the smallest P-values did not provide any evidence of association either in the whole sample or in females (data not shown). The nominally suggestive findings were further analysed under the recessive and dominant model of the PLINK program and these association values are shown in Supplementary Table S3 . The genotypic association of the EDNRA SNP rs2048894 was due to minor homozygous genotypes, 5% in cases and 3% in controls (recessive P-value of 0.015). This P-value did not change in the gender-specific analysis. The association detected between the EDNRB SNP rs2329047 and females with MA was also due to the minor homozygous genotype (P-value of 0.037; 16% in patients and 12% in control individuals, Supplementary Table S3 ).
We selected two tagging SNPs providing intriguing association values (P < 0.05), the EDNRA SNP rs2048894 and the EDNRB SNP rs2329047, to be tested in the German MA sample. No significant association was seen either in the whole German sample or in the females-only analyses ( Supplementary Table S3 ). However, since similar overrepresentation of homozygous minor allele genotype was seen in cases compared with controls in the German sample (7% in MA cases vs. 5% in controls) as in the Finnish sample (5% in MA cases vs. 3% in controls) an association test in the combined sample was performed. To be able to conduct association analysis of the pooled sample the effect of the risk genotype should be similar in both samples. This was tested using the logistic regression model with an interaction term (genotype by country). Since the effect was the same, we performed analysis in the pooled sample adjusted for the sample origin and gender. The results indicated that the homozygous minor genotype of rs2048894 was associated with increased risk of MA (OR 1.61, 95% CI 1.21-2.32, P = 0.010). In the corresponding analysis of the EDNRB SNP rs2329047, no association was detected (data not shown).
Association results based on traits
In our sample 850 individuals had visual aura symptoms (according to the IHS or not meeting all the criteria preceding their headache phase). No association between the visual aura symptoms and the three genes studied was detected (Supplementary Fig. S1 shows the -log P-values for these genes). However, in the gender-specific analysis three EDNRB SNPs, rs1924917, rs12720100 and rs4884082, showed nominal allelic associations of 0.024, 0.019 and 0.021 [minor allele frequency (MAF) of 12% in cases and 18% in controls for each SNP] in the males, respectively. These SNPs are in high LD (r 2 > 0.96) in the male control subjects. The number of affected males (n = 177) studied is, however, small and associations did not survive from the permutation procedures (permutated P-value > 0.05).
EDNRA was tested as a candidate gene for traits phonophobia and photo-and phonophobia, and age of onset < 20 years. No significant association with phonophobia or photo-and phonophobia was detected in the whole sample ( Supplementary  Fig. S2 ). However, in the gender-specific analysis nominal association between phonophobia and the EDNRA SNP rs7655670 was detected in females (genotypic P-value of 0.028), but neither the dominant nor the recessive tests produced further evidence of association (data not shown).
The trait age of onset < 20 years showed nominal association with the same two SNPs rs2048894 and rs5334, which showed association with the MA end-diagnosis [P-values of 0.020 (-log P = 1.70) and 0.012 (-log P = 1.94)]. In the gender-specific analyses association with the trait age of onset < 20 years improved slightly in the female sample: with rs2048894 the genotypic P-value of 0.013 and recessive P-value of 0.0081 were detected (Supplementary Table S3 ). When this result was adjusted for the number of tested SNPs no association was detected (EMP2 P-value of 0.28). Analysis of the EDNRA SNP rs2048894 in the German sample was not significant. However, in the pooled sample a genotypic P-value of 0.023 was obtained and a P-value of 0.011 (OR 1.69, 95% CI 1.13-2.54) was gained for a minor homozygous genotype.
Discussion
END1 and its receptors A and B are good candidates in migraine pathophysiology due to their role in controlling both neuronal and vascular homeostasis (4, 7). To clarify the role of the genes encoding these proteins, we collected a large set of MA patients and carefully selected control subjects. Our strategy was to study the association between endothelin genes and migraine using the information provided by the HapMap project (17) . Unlike in the two previous studies (15, 32) , with this haploblock-based approach we could choose SNPs that capture the common variation (minor allele frequency of > 10%) within the genes and 5′-and 3′-untranslated regions that may have importance in the regulation of gene transcription. In addition to 19 tagging SNPs, we also studied 13 other SNPs including some amino acid changing ones. A German replication sample was used to study association of the SNPs giving the most promising results.
No significant evidence of association was detected between any of the SNPs and migraine. However, nominal associations (P = 0.02-0.05) were seen between two ENDRA SNPs, rs2048894 and rs5334, and the MA end-diagnosis. The functional significance of these two SNPs, the former being intronic and the latter a synonymous exonic SNP, is unknown. Overrepresentation of the same alleles or genotypes was seen both in the Finnish and German patients. For example, in the Finnish sample the frequency of the minor homozygous genotype of rs2048894 was 5% in MA patients and 3% in the controls. In the German sample the corresponding values were 7% and 5%. Thus, when the analyses were performed in the pooled sample adjusted for gender and sample origin, a P-value of 0.010 was obtained. Interestingly, according to the HapMap data (17) , the EDNRA SNP rs2048894 is not in LD (r 2 = 0.078) with the variant showing association with migraine in the study by Tzourio et al. (15) . A nominal (P = 0.035) association of the EDNRB SNP rs2329047 with the MA end-diagnosis was seen when females were treated as affected. However, this finding did not remain significant in the German or pooled sample. When using the less strict visual aura phenotype including migraine cases with aura symptoms not fulfilling the IHS aura criteria, no evidence of association was detected.
We also applied the trait component analysis strategy (TCA) (16, 33) to study associations between EDNRA and the traits phonophobia and photo-and phonophobia and age of onset < 20 years, which had shown suggestive evidence of linkage adjacent to the ENDRA locus in our previous linkage analysis of 50 Finnish MA families (16) . TCA uses single migraine symptoms, which may vary even between the members of a single family, as phenotypes. In other words, the symptoms may sum up to the same end-diagnosis although the underlying components differ from each other. The best uncorrected P-value reached using this strategy was 0.0081 for the EDNRA SNP rs2048894. It was detected in females using a recessive model and the trait age of onset < 20 years as a phenotype. Similar to the association with the MA enddiagnosis, this association also is due to a rare homozygous genotype being slightly more common (5%) in patients than in control subjects (3%).
There are some limitations to our study. We can obviously not exclude the possibility of variants with a modest effect in the current sample size. Our study is potent to detect common variants with the relative risk of Ն 1.5. On the other hand, recent genome-wide association analyses on different complex diseases have indicated that associated common SNPs (MAF Ն 10%) have often modest risk of < 1.5 in the population (34) . Thus, our gender-specific analyses with trait components lacked power to assign conclusive evidence of loweffect susceptibility variants. It is also possible that the EDN1, EDNRA and EDNRB genes may have a greater functional significance in the pathophysiology of migraine without aura (MoA) than MA. In the study of Tzourio and co-workers (15) the association between the EDNRA SNP and migraine was detected in a study population where 77% of the patients were suffering from MoA. Furthermore, studies measuring plasma EDN1 levels have been performed mainly with MoA patients (8) (9) (10) (11) (12) .
Our results do not remain significant when the correction for multiple testing is taken into account.
END1 and its receptors in migraine with aura 1229 However, we can not totally exclude the role of the EDNRA gene in MA susceptibility, since (i) the SNPs rs2048894 and rs5334 showed nominal association with two different phenotypes in the Finnish sample (the MA end-diagnosis and the trait age of onset < 20 years); (ii) the difference in the frequency of the rare risk genotype of the rs2048894 SNP between the cases and controls in both the Finnish and German samples was similar; (iii) analyses in the pooled sample also showed nominal association between the rs2048894 SNP and the MA end-diagnosis with relative risk of 1.6. Since the homozygous minor genotype of this SNP is relatively rare (5% in Finnish migraine patients), even larger samples are required to confirm this finding. For a more conclusive study both functional studies and quantitative association analyses based on plasma endothelin-1 levels should be performed in both MA and MoA samples.
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Figure S1
Results of genotypic and allelic trend tests for the EDN1 (a), EDNRA (b) and EDNRB (c) single nucleotide polymorphisms (SNPs) using the visual aura trait. Marker position (Mb) is plotted along the x-axis while the -log P-values are plotted along the y-axis.
Figure S2
Results of genotypic and allelic trend tests of the EDNRA single nucleotide polymorphisms (SNPs) on the traits phonophobia, phono-and photophobia and age of onset < 20 years. Marker position (Mb) is plotted along the x-axis while the -log P-values are plotted along the y-axis. The dotted line represents the -log P-value threshold value of 1.3 corresponding to a P-value of 0.05.
Table S1
Success rates, heterozygosity values, Hardy-Weinberg equilibrium P-values and minor allele frequencies of 32 genotyped SNPs in the Finnish sample. SNP, single nucleotide polymorphism; Nt, nucleotide; Aa, amino acid; Het, heterozygosity value; HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency; kb, kilobase; chr, chromosome.
Table S2
Allele and genotype frequencies of the studied SNPs with c 2 and P-values and allelic OR values with a 95% CI. SNP, single nucleotide polymorphism; MAF, minor allele frequency; OR, odds ratio; CI, confidence interval; chr, chromosome.
Table S3
Detailed genotype association data for the SNPs in the Finnish and German sample (P-values < 0.05 are in bold). a In the genotypic association test genotype frequencies (11/ 12/22) , allelic association test allele frequencies (trend-test, 1/2), dominant association test genotypes with minor allele (11, 12) vs. genotypes homozygous for major allele (22) and recessive association test genotypes homozygous for minor allele (11) vs. genotypes with major allele (12, 22) are given. SNP, single nucleotide polymorphism; Aff, affected; Unaff, unaffected; DF, degree of freedom; geno, genotypic association test; trend, allelic association Cochran-Armitage test; dom, dominant gene action test; rec, recessive gene action test.
Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
END1 and its receptors in migraine with aura 1231
